Because of the popularity and necessity of taxicabs, taxicab-related research has received increasing attention over the past decade. However, few studies have highlighted the value of taxicabs as an important component of public transportation systems, and the measurement and evaluation of taxicab systems have been largely missing in the previous literature. Two measures, from a demand and supply perspective, intuitively can serve as the measures for evaluating taxicab service performance, including loading and availability. Since the concept of taxicab availability has not been clearly defined in previous research, this study proposes a new concept of taxicab availability based on the concept of transit availability. Four taxicab availabilities-namely, spatial, temporal, capacity, and information availability-are further defined and introduced. The study used a large amount of taxicab GPS-based data to measure these availabilities. A framework is proposed to investigate statistically whether there are mathematical patterns behind loading and availability. The results show that patterns can be found and mathematically described, and statistically accurate and reliable taxicab information can be produced based on the patterns. Two presentation aids were selected to present the information: taxicab timetables produced for the general public and loading and availability heat maps produced for decision makers. The research provides detailed insight into taxicab system performance. The contributions of this research are to provide (a) guidelines for evaluating system performance in a city or region and (b) taxicab timetables for the general public.
The taxicab system is an important transit system in China. Two major reasons account for its importance. The first reason is the low number of vehicles per household in China. The number of vehicles per household was 0.25 in 2014 (1) . In contrast, vehicles per household in the United States stood at 1.86 in 2009, and this number has been increasing since the 2008 economic depression (2) . The second reason is that, unlike public buses and rail-based vehicles, taxicabs provide door-to-door service, so the last mile may not be an issue for taxicab passengers. Therefore, passengers rely greatly on transit systems for commuting and daily activity, especially taxicabs.
Because of the popularity and necessity of taxicabs, taxicab-related research has received increasing attention over the past decade. Several main categories of this research focus can be identified, including taxicab fare optimization (3, 4) , traffic rerouting (5-7), and estimation of conventional regular transportation measures, such as travel time and accessibility (8, 9) . Further, the ease of collecting taxicab data, especially taxicab GPS-based data, and the large quantity of data that professionals and researchers can acquire may have promoted the research focus.
A few studies have evaluated a taxicab system and measured its performance. A few reports can be found in the work by Schaller Consulting (10) , San Francisco Municipal Transportation (11) , and Los Angeles Department of Transportation (12) . However, the concept of taxicab availability has not reached an agreement in these reports, and the socioeconomic value of comprehensively gaining insight into taxicab availability has not been fully investigated.
Transit bus transportation is an example. If a transit bus stop is close to travelers' workplaces or the headway of the route is short (3 min), travelers would be encouraged to switch to transit, and ridership and revenue would accordingly be increased (13) . Similarly, if taxicab service performance could be precisely evaluated with appropriate measures, travelers might be more willing to take taxicabs when high-quality service is provided, thus expanding the taxicab market.
Two measurement candidates, from the demand and supply perspectives, intuitively can serve as measures for evaluating taxicab service performance. The first popular demand measure is taxicab loading. The concept of taxicab loading can be straightforwardly explained as the number of taxicab passengers getting into taxicabs. Usually, simple statistics (e.g., average loading) and kernel densitybased (i.e., point-based) heat maps are used to measure and visualize taxi-loading events (14) .
The second candidate is availability. From the supply point of view, this measure is an important transit service quality measure. The concept of transit availability is well established and its applications have been well studied and explored (15, 16) . However, the concept of taxicab availability has rarely been mentioned in previous studies. In addition, since one of the goals of transit systems is that transit users can easily access transit services with the help of userfriendly published information (e.g., timetables), making information available would also encourage travelers to choose and take transit (13, 17) . Publishing taxicab GPS location and occupancy status via websites or smartphone apps may be a straightforward solution. However, this solution may require tremendous effort to accomplish. In addition, the solution implies that taxicabs are trackable, so taxicab drivers may be exposed to potential risks.
performance based on the proposed taxicab availability and loading, and (c) producing user-friendly taxicab information to help travelers make better decisions on travel mode choice. The research framework shown in Figure 1 was proposed to achieve these goals. Three parts constitute the framework, namely, data preparation, pattern discovery, and information delivery. A large quantity of taxicab GPS-based data served as the data foundation for counting the numbers of taxicab loading and availability. The study aimed to discover patterns, including taxicab loading and availability patterns, through the counts. If any patterns could be discovered, taxicab information could be produced and delivered to the general public and other stakeholders. One of the potential information products would be printable taxicab timetables.
The rest of this paper is organized as follows. First, the concept of taxicab availability will be proposed based on transit availability. Next, the paper will discuss the taxicab GPS-based data and the study area. The following section describes the methodology for making taxicab information available. The paper will end with a discussion and conclusions on measuring taxicab service performance, and suggestions on establishing a taxicab quality of service manual. 
Taxicab GPS-based data

FRom TRansiT availabiliTy To Taxicab availabiliTy
Transit services primarily include regular transit service (e.g., public bus service), rail-based service (e.g., subways and light rail transit services), and demand-responsive service (e.g., services designed for people with disabilities). Since demand-responsive service only responds to special requests and its resources may be relatively limited, demand-responsive service was not addressed in this study. Therefore, the study refers to transit service that is regular transit and rail-based service, especially regular transit service.
Transit availability
A considerable number of studies and researchers have contributed to the tasks of monitoring, measuring, and enhancing transit services (15, 16) . The Transit Capacity and Quality of Service Manual summarizes previous studies and provides transit professionals and researchers a comprehensive guideline to accomplish the tasks (13) .
Measuring transit availability plays a vital role in the transit trip decision-making process within the quality of service framework (13) . Four major types of transit availability should be considered in the decision-making process, namely, spatial, temporal, capacity, and information. The definitions of these four types of availability are the following:
• Spatial availability means the presence or absence of transit service spatially near transit users' origins and destinations. High spatial availability can be simply interpreted as that distances between transit stops or stations and users' origins and destinations are reasonably walkable.
• Temporal availability means the frequency and service span (i.e., operation hours) of transit service. High temporal availability can shorten transit users' wait time when the users fail to catch a scheduled transit vehicle or when the scheduled timetable is unknown.
• Capacity availability indicates that there is sufficient space in transit vehicles.
• Information availability means the ease with which transit users can know how and when to use the service, and where to go to access and pay for the service.
The four general transit availabilities provide a guideline for measuring taxicab availability. However, taxicab availability may be modified due to the service and operation differences between transit and taxicabs. For example, taxicab spatial availability may be unsuitable to follow strictly the definition of transit spatial availability, because (a) taxicabs are usually part of the regular traffic, with shared right-of-way on roadways, no fixed routes, designated stops, and bays that are designed and built for taxicabs; and (b) time spent walking to access the service can be saved, since taxicabs look for passengers where roads are accessible and provide door-to-door service. In addition, taxicabs run in a timetable-free manner, indicating that the two temporal availability measures (i.e., frequency and service span) may not be practice-ready to describe taxicab activities. The major differences are tabulated in Table 1 . The following section will provide details for the modification of taxicab availability based on transit availability.
Taxicab availability
Four taxicab availabilities were defined and used in the study:
• Spatial availability: the number of vacant taxicabs on a specific road segment,
• Temporal availability: the number of vacant taxicabs during a specific period,
• Capacity availability: the ratio of loading to availability, and • Information availability: taxicab passengers' ease of knowing taxicab activity patterns and how to access the service.
In contrast to transit spatial and temporal availability, defined based on different measures (e.g., walking distance to transit stops Use of the taxi-hailing mobile apps has been constrained because of lawful access legislation. In Kunshan, taxicab services have not been delivered through mobile apps.
and bus headways, respectively, are mainly used to evaluate transit spatial and temporal availability), taxicab spatial and temporal availability are defined using the same measure (i.e., the number of available taxicabs), suggesting that spatial and temporal availability in the taxicab context could be jointly used to describe the number of vacant vehicles. Therefore, spatiotemporal availability, representing the number of vacant taxicabs on a specific road segment during a specific period, is used to describe taxicab activities. Transit capacity is used to measure the ratio of passengers to total space in a single transit vehicle. This capacity concept may be unsuitable for describing taxicab capacity, because passengers may switch to other traffic modes (e.g., transit buses) or split into several groups to take taxicabs when the number of passengers exceeds the capacity of a taxicab. Based on the taxicab supply and demand concept, taxicab capacity was, therefore, defined and measured as the ratio of loading to availability. Transit spatial availability involves three major types of access, including pedestrian, bicycle, and automobile access (13) . These types of access imply the traffic mode that transit users would take between their origins and transit stops. Since taxicabs provide doorto-door service and the access time can be ignored, access was not considered in the study.
DaTa DescRipTion anD pRepaRaTion
To implement the proposed taxicab availability measure along with the loading, the study used a large quantity of taxicab GPS-based data. Kunshan is a rapidly growing city in China. Daily, approximately 1,500 taxicabs provide door-to-door service within the city. Operational taxicabs have been equipped with taximeters and GPSenabled devices, with the objective of monitoring taxicab drivers' service quality. Taximeters are used to record taxicab trip information, including license plates, start and end times of trips, driving mileage, and cost. Passengers pay for the cost displayed on the taximeters. The GPS-enabled devices primarily record GPS-based vehicle locations and occupancy status (binary values, 0 or 1). Location information is collected at a certain time interval (e.g., 30 s or 1 min). The occupancy status depends on the taximeters: when taxicabs are occupied and taximeters are switched on, the occupancy status is set to 1 until the taxicab passengers disembark and the taximeters are switched off.
The study used detailed taxicab GPS-based data collected from December 1, 2015, to May 30, 2016. Approximately 60 million GPS information items were recorded, and around 7.2 million trips took place in the Kunshan area during the study period. Figure 2a shows Kunshan, with 287 major road segments. Three road segments were selected to demonstrate taxicab spatiotemporal loading and availability patterns and produce the availability information. The road segment spatially near the Kunshan South Railway Station was selected as Scenario 1. Since the throughput of the station is 15,700 persons per day (18), Scenario 1 represents the case of high taxicab loading and availability all day long. In Scenario 2, the road segment is located in an entertainment area surrounding hotels and entertainment clubs. Scenario 2 represents the case of high taxicab loading and availability at night and relatively low activity during the daytime. Scenario 3 is a taxicab-unfriendly zone, representing the low taxicab loading and availability case. Taxicabs pass through occasionally and few loadings occur on this road segment. Figure 2b shows the taxicab loading spatial distribution from the sample data (4 to 6 p.m., December 14, 2015) . Figure 2c shows an example of the raw GPS-based data for a taxicab. The occupancy status shows that the taxicab took passenger(s) from 5:33:41 to 5:44:27 p.m., December 14, 2015 . The status values in the rest of the records show that the taxicab was available. The longitude and latitude information indicate where the taxicab was looking for passengers.
Since the Structured Query Language (SQL) Server 2012 database supports spatial data storage and spatial queries, the study data, including road segment geometric shapes and taxicab GPS-based data (i.e., locations, time, and status information), were transformed and stored in the database. User-defined Transact-SQL stored procedures with intensive spatial queries involved were executed to count taxicab loading and availability by road segment and a given period. The study selected the period to be half an hour. In addition, taxicab loading and availability counts may vary by weekday and weekend, due to different trip purposes (e.g., work-home-based trips on weekdays and non-work-home based trips on weekends), so the loading and availability counts were also counted by weekday and weekend. Therefore, a description of taxicab spatiotemporal loading and availability would be, for example, 50 taxicabs available in the Scenario 2 road segment from noon to 12:30 p.m. on weekdays, and 34 of those vehicles successfully finding passengers. In this example, the available capacity is 68%.
meThoDology: make inFoRmaTion available
The abovementioned data preparation provided the data support for counting taxicab spatiotemporal loading and availability. To make the taxicab information available, discovering patterns behind taxicab spatiotemporal loading and availability counts is one of the possible solutions. A methodology framework was accordingly proposed and is shown in Figure 3 . Probability distributions are used widely to estimate the population from limited sample data. Mixture models can provide mathematically accurate estimates of the population when there are extreme values. In addition, Yang and Wu (19) experimentally proved that the statistics derived from well-fitted mixture models converge regardless of the probability distribution family selection. Therefore, Gaussian mixture models (GMMs) and two statistics derived from the GMMs were used to find and describe the patterns. The bootstrapping technique was used to measure the accuracy of the statistics.
gmms and Their statistics
GMMs have been widely used to model data and discover patterns in the transportation field (19) . Therefore, the study used GMMs to model taxicab loading and availability. Equations 1 to 3 show the mathematical definition of the GMMs.
( ) 
where T = taxicab loading or availability count, µ = mean, σ = standard deviation, k = number of Gaussian distributions in the GMMs, w k = weight for kth distribution in GMMs, µ k = mean of kth Gaussian distribution, σ k = standard deviation of kth Gaussian distribution, µ (1) = mean of GMMs, µ (2) = standard deviation of GMMs, and
Several parameters in the GMMs must be estimated from the loading and availability data, including the weight (w k ), means (µ k ), and standard deviations (σ k ) for the kth Gaussian distribution in the GMMs. In addition, the number of Gaussian distributions (k) must be specified prior to the parameter estimation. A previous study (19) provided the details for the parameter estimation and the k selection. The GMMs were implemented in R language, and the R code is available (20) .
measurement of the accuracy of the statistics
The standard error or confidence interval of a statistical estimator can be used to measure its accuracy (21) . The mean (Equation 3) and standard deviation (Equation 4) derived from the GMMs were selected to be the statistical estimators to describe the patterns. The study used confidence intervals to measure the accuracy of the mean. If the lower and upper of confidence intervals are statistically distant from the expectation of the selected estimators, the means may not reliably represent the central tendency of the patterns.
Classical statistical techniques (e.g., t-test, standard errors, and confidence level) are derived based on normality and homoscedasticity (22, 23) . Therefore, the normality of given data must be checked prior to use of those classical statistical techniques (22) . Moreover, most widely used classical statistical techniques were developed to measure the accuracy of the mean only. Explicit equations for measuring the accuracy of other statistical estimators (e.g., median and standard deviation) remain largely undiscovered (21) . Due to the application of the GMMs, classical statistical techniques were considered unsuitable for this study. Bootstrapping is a computerbased statistical approach for evaluating measures of accuracy of statistical estimators (21) . Bootstrapping was developed based on the resampling technique and has been widely used for probability distribution-free studies. The procedures for bootstrapping are briefly summarized as follows:
• Create bootstrap replications (t* 1 , t* 2 , . . . , t* B ) from original data (t) using the resampling technique. B denotes the number of bootstrap replications. Individual bootstrap replication t* has the same size as the original data (t).
• Evaluate the mean with Equations 5 and 6 for individual bootstrap replication t* i .
• Calculate confidence intervals for the mean with Equations 7 to 11, and check the reliability of the estimated mean values.
where B is the number of bootstrapping replications and estimator * is from plugging in Equation 3 . A percentile-based confidence interval was used to examine the statistical behavior of the estimator, the bias-corrected and accelerated bootstrap (BCa), which is shown in Equations 7 through 11 (21) . The 95th percentile was used in the study.
BCa:
, * , *
%,lower % ,upper Since the proposed pattern discovery framework is built on the Gaussian mixture models and the computer-based bootstrapping, tremendous computing workload is required to evaluate the individual bootstrap replications. To reduce the computing time, a parallel computing cluster with five high-performance workstations was configured to accelerate the evaluation.
ResulTs: inFoRmaTion availabiliTy spatiotemporal pattern Discovery
Three scenarios were selected to demonstrate the pattern discovery. The taxicab activity patterns in each scenario will be discussed by time of day (a 30-min time interval) and weekday and weekend. The following subsections summarize the patterns.
Spatiotemporal Loading Patterns
The period noon to 12:30 p.m. was selected to show the loading patterns for weekdays and weekends for the three scenarios in Figure 4 . Figure 4 , a to f, depicts the taxicab loading counts. The fitted GMMs are shown in the figure, aligned with the histograms of the loading counts. The K selection varied because of the data set and fitting criteria (19) . The details of the K selection and data fitting procedures were described in a previous study (19) . Figure 5 shows the average taxicab loading counts and corresponding 95th percentile confidence intervals. The findings are summarized as follows:
• The taxicab loading counts differ by road segment and time of day. For example, the probability distribution of the counts in Scenario 1 on weekdays (Figure 4a ) is left-skewed; Scenario 2 is right-skewed, as seen in Figure 4c .
• No significant differences are observed in the loading and availability for weekdays and weekends. For example, the probability distribution shapes are similar: left skewness is observed in Figure 4 , a and b; right skewness is observed in Figure 4 , c and d. Moreover, the ranges of the counts are similar. Based on the summary in Table 2 , the loading and availability counts on weekends are slightly greater than those on weekdays, but the count trend by time of day remains the same.
• The lower and upper bounds of the 95th confidence intervals on weekdays in all three scenarios are closely around the average loading counts; the bounds on weekends are slightly wider than those on weekdays. These findings indicate that the mean of the loading counts on weekends, the statistical estimator, is slightly less reliable than that on weekdays, and the loading counts may vary greatly on weekends due to unpredictable taxicab passenger demand. 
Spatiotemporal Availability Patterns
To show the availability patterns in the same spatiotemporal situation, the period noon to 12:30 p.m. was selected. The histograms and corresponding fitted GMMs are shown in Figure 6 . Figure 7 shows the average taxicab availability and corresponding 95th confidence intervals. The findings are similar to those for the taxicab loading counts: (a) the same skewness trends are observed in each scenario, and (b) the lower and upper bounds are closer around the average counts on weekdays than on weekends.
Discussion of Findings
Figures 5 and 7 show the confidence intervals of the mean values of the loading and availability counts. The small confidence intervals on weekdays indicate that the mean and standard deviation are statistically accurate and reliable and can be used to describe the two patterns on weekdays. This finding also implies that taxicab demand and supply on weekdays are tangible and may be predictable at a certain point. Although the confidence intervals on weekends are slightly wider than those on weekdays, the intervals still closely surround the means. Overall, the findings for weekdays and weekends suggest that the spatiotemporal loading and availability patterns are statistically accurate and reliable. Thus, it is statistically reasonable to estimate capacity availability and proceed toward producing user-friendly taxicab information. Figures 5 and 7 show the mean, with the lower and upper values in decimals, but the taxicab information in the rest of this section is produced with rounded-off values.
information Delivery
Based on the discovered patterns, diverse groups of people may expect different taxicab information. The study identified taxicab passengers and taxicab service decision makers. Based on the understanding of their needs, two presentation aids were selected to help the two groups quickly understand the spatiotemporal characteristics of taxicab service. The two presentation aids are the taxicab timetable and spatiotemporal taxicab activity heat maps.
Information Delivery for Passengers
Taxicab passengers are mostly concerned about wait time. The greater is the increase in the wait time, the less likely passengers would be to take taxicabs. The average wait time for a taxicab is mathematically equivalent to the average taxicab headway, which can be calculated as half the time interval (30 min) divided by the number of available taxicabs. Table 2 shows the taxicab timetables for the three scenarios, with information on loading, availability, and average wait time. The taxicab timetable for Scenario 3 was trimmed and shown partially because of nearly zero taxicabs loading all day long. Taxihailing mobile app passengers would know the roughly estimated wait time. However, in the setting of Kunshan and many other Chinese cities, the use of mobile apps has been constrained by lawful access legislation. Therefore, a pseudotaxicab timetable would be useful for passengers to plan their trips. Travelers would benefit from knowing the taxicab activity information by reading the timetables. For example, travelers may prefer to take a taxicab around the railway station during the daytime on weekdays or weekends because of the short wait time. However, demand in the early mornings was nearly zero, because the station was closed, and the supply was accordingly dropped. Thus, the average wait time was not calculable. Travelers may switch to another travel mode or call for a taxicab service during that period. In Scenario 2, there was an inverted loading and availability situation: low loading and availability during the daytime and high taxicab activity during the evenings and around midnight. The wait times (about 1 min) at night were considerably friendly to travelers; although the wait times during the daytime were as long as 5 min, they could still be considered traveler friendly, and travelers may still wait at the side of the road. Nearly no loading events occurred in Scenario 3 all day long, resulting in few taxicab drivers who were willing to look for passengers on the road segment. If travelers had to take taxicabs here, a taxicab call service would be recommended. The counts for loading and availability were rounded.
Information Delivery for Decision Makers
Because data on taxicab spatiotemporal loading and availability were obtained from road segments of different lengths, a normalized measure was required to ensure that all the counts on the 287 segments were comparable. The study used spatiotemporal loading and availability counts normalized by 100 m. Figure 8 , a to d, shows the normalized taxicab loading and availability, with graduated color symbolism. Taxicab spatiotemporal loading and availability heat maps may assist decision makers (e.g., city planners, transportation planners, and taxicab operations agencies) in obtaining information on the activities of travelers and taxicabs. Most of the segments seemed not to be busy, based on the normalized counts in Figure 8a . However, the road segments in three areas can be identified as loading hot areas: (a) Kunshan South Railway Station, (b) Kunshan Railway Station, and (c) Kunshan central business district. Based on visual comparison, travelers prefer the South Railway Station over the Railway Station. These examples can be further explained and used to provide guidelines for improving taxicab passenger-finding skills. Taxicab capacity was defined to be the ratio of loading to availability. Figure 8 , e and f, shows the capacity heat maps. The following are highlighted items that decision makers may use in practice:
• Overall, most of the capacity values are greater than 40%. This finding indicates that taxicab drivers are skilled. They know where travelers are and the hot segments. However, the number of taxicabs is insufficient for the volume of customers when the capacity reaches over 90%.
• Taxicab-friendly and -unfriendly zones can be identified. For example, the road segments spatially near both railway stations can be considered taxicab-friendly zones. Taxicab spatiotemporal availability may be relatively high, with the result that the wait time for a taxicab may be short, such as less than 1 min, as is shown in Table 2 . The zone marked 4 in Figure 8e is considered an unfriendly zone, because of low loading, availability, and ratio. Travelers in that zone may call a taxicab service to shorten the wait time.
• However, high ratios (as large as 90%) might imply a long wait time for a traveler, due to the variance of taxicab availability. Decision makers may encourage vacant taxicab drivers to pass through these high-ratio areas to shorten the wait time.
conclusion
The concept of transit availability has been well established. Measuring availability plays a vital role in the transit trip decision-making process in the quality of service framework. The taxicab system is one of the important transit systems in China. Measuring and evaluating taxicab systems is vital for making decisions on improving the systems and providing better services to the general public. Two measures, from the supply and demand points of view, could be used, namely taxicab loading and availability. However, few studies have comprehensively investigated taxicab system performance, and the concept of taxicab availability has barely been mentioned in previous studies. Therefore, this study aimed to evaluate taxicab system performance from the supply and demand perspectives. The following summarizes the study's activities:
• The concept of taxicab availability was proposed based on the understanding of the four transit availabilities (i.e., spatial, temporal, information, and capacity) and the differences between taxicabs and regular transit operations. The four types of taxicab availability were accordingly developed in a route-free and timetable-free context.
• A research framework was proposed to evaluate taxicab systems and measure taxicab loading and availability. The application of a large quantity of taxicab GPS-based data provided data support to assist in the performance evaluation.
• Spatiotemporal taxicab loading and availability can be measured with advanced spatial databases. The counts provided a data foundation for measuring capacity availability and discovering the two patterns.
• Spatiotemporal taxicab loading and availability patterns were identified with GMMs and the bootstrapping technique. The patterns for the three selected scenarios were discussed and demonstrated by time of day and weekday and weekend.
• Based on the discovered patterns, innovative taxicab timetables were developed to provide a quick impression of taxicab activity and average wait time, to help travelers make choices on travel mode.
• Citywide heat maps, including spatiotemporal loading, availability, and capacity maps, were developed to assist decision makers in overviewing taxicab activities within a city. Real-time taxicab dispatch and strategies for improving taxicab call service could be further implemented.
This research provides detailed insight into taxicab system performance. Taxicab professionals and researchers may use this research as a guideline or framework for evaluating the system performance in a city or regionwide. Future studies are planned to focus on providing more measures of taxicab performance and further improving the evaluation framework by adding more relevant descriptions. A taxicab quality-of-service manual is planned. In addition to quan- tifying taxicab services, mathematical models will be developed to estimate taxicab wait time more accurately. 
